Abstract The role of the inflammatory agent fibrinogen (Fg) in increased pial venular permeability has been shown previously. It was suggested that an activation of matrix metalloproteinase-9 (MMP-9) is involved in Fg-induced enhanced transcytosis through endothelial cells (ECs). However, direct link between Fg, caveolae formation, and MMP-9 activity has never been shown. We hypothesized that at an elevated level, Fg enhances formation of functional caveolae through activation of MMP-9. Male wildtype (WT, C57BL/6J) or MMP-9 gene knockout (MMP9-/-) mice were infused with Fg (4 mg/ml, final blood concentration) or equal volume of phosphate buffered saline (PBS). After 2 h, mice were sacrificed and brains were collected for immunohistochemical analyses. Mouse brain ECs were treated with 4 mg/ml of Fg or PBS in the presence or absence of MMP-9 activity inhibitor, tissue inhibitor of metalloproteinases-4 (TIMP-4, 12 ng/ml). Formation of functional caveolae was assessed by confocal microscopy. Fg-induced increased formation of caveolae, which was defined by an increased co-localization of caveolin-1 (Cav-1) and plasmalemmal vesicle-associated protein-1 and was associated with an increased phosphorylation of Cav-1, was ameliorated in the presence of TIMP-4. These results suggest that at high levels, Fg enhances formation of functional caveolae that may involve Cav-1 signaling and MMP-9 activation.
Introduction
Inflammation is commonly accompanied by a microvascular leakage of plasma substances and proteins and their deposition in subendothelial matrix (SEM) and interstitium [1] . These alterations exacerbate complications of blood circulation during vascular diseases and cause edema [1, 2] . Blood plasma components may pass through the endothelial barrier via paracellular and transcellular pathways [1, 3, 4] . Movement of substances by the paracellular pathway occurs between the endothelial cells (ECs) and involves alterations in tight, gap, and adherence junction proteins [1] . The transcellular transport of proteins, transcytosis, is implemented by the movement of substances across the endothelium and involve caveolae, caveolae generated transendothelial channels, and fenestrae [3] .
Caveolae are distinct flask-shaped invaginated structures present at the surface of many cell types including ECs [5] . Their walls are enriched in cholesterol, glycosphingolipids, and sphingomyelin [6] . One of the main components of caveolae wall is caveolin-1 (Cav-1) [7] . Therefore, caveolae are defined as specialized, morphologically distinct, sphingolipid-cholesterol microdomains, which are stabilized by the Cav-1 protein [8] . Plasmalemmal vesicleassociated protein-1 (PV-1) is an integral membraneassociated protein found in caveolae and in fenestral and stomatal diaphragms of fenestrated ECs and in transendothelial channels [5, 9] . It is considered a functional biomarker for altered vascular permeability following the central nervous system injury [10] and disruption of blood-brain barrier (BBB) [11] . Expression of PV-1 is associated with caveolae formation [5, 9, 10, 12] .
Matrix metalloproteinases (MMPs) are zinc-dependent endoproteinases expressed in various cell types including ECs. They are involved in physiological and pathological processes, especially in SEM degradation and vascular remodeling that disrupt the BBB [13] . Activation of MMP-9, the most abundant MMP, plays an important role in decreasing of brain vascular endothelial layer integrity through degradation of EC junction proteins [13] . It was found that MMP-9 can compartmentalize with caveolae structure [14] . We have shown involvement of MMP-9 activity in homocysteine-induced EC layer permeability [15] . However, role of MMP-9 in caveolae formation and its function is not clear.
Fibrinogen (Fg) is a 340 kDa glycoprotein that is involved in physiological and pathological processes and considered a biomarker [16, 17] and cause of inflammation [2, [18] [19] [20] [21] [22] . We previously showed that Fg-induced macromolecular leakage occurs through both paracellular and transcellular transport pathways [22] . The role of MMP-9 activity in Fg-induced downregulation of some junction proteins and thus in paracellular transport has also been demonstrated [19, 21] .
In the present study, we tested the hypothesis that at an increased content, Fg can be involved in formation of caveolae and in their function through activation of MMP-9. Our findings show that at high level, Fg enhances co-localization of Cav-1 and PV-1 (a possible marker of caveolae) in mouse brain vessels and in cultured mouse brain endothelial cells (MBECs), and the process can be mitigated by inhibition of MMP-9 activity. These results suggest that an increase in blood level of Fg, that occurs during inflammatory cerebrovascular and cardiovascular diseases such as stroke and hypertension, may be involved in caveolar transcytosis. The latter can be a mechanism for an increased cerebrovascular permeability that was seen in our previous study [22] .
Materials and Methods

Animals
In accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals, all animal procedures for these experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Louisville.
Male wild-type (WT) C57BL/6J and MMP-9 gene knockout (MMP9-/-) homozygous (FVB.Cg-Mmp9 tm1Tvu /J; Stock Number: 004104) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). For genotyping of MMP9-/-mice, DNA was extracted from the tail tip of mice and was amplified by polymerase chain reaction (PCR) using specific primer sequences according to the protocol described previously [22] .
Twelve-week old mice (26-30 g) were anesthetized with sodium pentobarbital (70 mg/kg, IP). Supplemental anesthesia was given as required during the experiment. 2 % Xylocaine (AstraZeneca, Wilmington, DE) was used for local analgesia. The left carotid artery was cannulated with polyethylene tubing PE-10 for blood pressure monitoring and necessary infusions, while the trachea was cannulated to maintain a patent airway. Body temperature was kept at 37 ± 1°C with a heating pad. Mean arterial blood pressure (MABP) and heart rate were continuously monitored through a carotid artery cannula connected to a transducer and a blood pressure analyzer (CyQ 103/302, Cybersense, Lexington, KY) and by a tail cuff and a CODA monitor, a non-invasive blood pressure measurement system (Kent Scientific Apparatus, Torrington, CT). The MABP monitoring with the tail cuff was necessary to detect possible blood pressure changes during infusion of phosphate buffered saline (PBS) or Fg.
Endothelial Cell Culture
MBECs (bEnd.3 cells) were purchased from ATCC (Manassas, VA). The endothelial nature of the cells was verified by uptake of acylated low-density lipoprotein and presence of CD-31 [23] . The cells were cultured in complete Dulbecco's modified eagle's medium, according to the manufacturer's recommendation at 37°C with 5 % CO 2 /air in a humidified environment. The cells were used at the fifth or sixth passage for the experiments as described [21] . MBECs were grown until confluent in eight-well chambered glass-bottomed plates (Nalge Nunc International, Rochester, NY).
Reagents and Antibodies
Human Fg (FIB-3, depleted of plasminogen, von-Willebrand factor, and fibronectin) was purchased from Enzyme Research Laboratories (South Bend, IN). Rat anti-mouse PV-1 monoclonal antibody (clone: MECA-32; Isotype: IgG2a) was from AbD Serotec (Raleigh, NC). Polyclonal antibody against Cav-1 was obtained from Novus Biological (Littleton, CO). Purified mouse anti phospho-Cav-1 (pCav-1; pY14) and A431-epidermal growth factor (A431-EGF) cell lysate were purchased from BD Biosciences (San Diego, CA). 4,6-diamidino-2-phenyl-indole HCl (DAPI) was from Santa Cruz Biotechnology (Santa Cruz, CA). Immunohistochemistry Fg (20 mg per 100 g of body weight) was infused (20 ll/min, over 10 min time period to have its total blood content of 4 mg/ml) through the carotid artery cannulation into the experimental mice. Mice in the control group were infused with the equal volume of PBS. Two hours after Fg or PBS infusion mice were infused with FITC-or TRITC-conjugated LEA via the carotid cannulation to fluorescently label moieties on the intravascular surface [2, 10, 22] . Animals were deeply anesthetized with an overdose of pentobarbital and then sacrificed by exsanguination. The cranium was opened and the brain was gently dissected and removed for fresh tissue processing. Mouse brain tissue immunohistochemistry was done according to the method described earlier [10, 22] . The brain was mounted in protective matrix (Polyscience, Inc, Warrington, PA) and cryosectioned using a Leica CM 1850 Cryocut (Bannockburn, IL). Twenty micrometer thick slices of the cortex were thaw-mounted on charged microscope slides (VWR, West Chester, PA) and stored at -80°C. Prior to immunostaining, slides were kept at -20°C overnight, and then warmed at 37°C for 20 min to remove the mounting matrix. The sections were postfixed in ice-cold 100 % methanol for 10 min, washed three times in Tris buffered saline (TBS) and blocked for non-specific epitope binding in 0.1 % Triton X-100 TBS, 0.5 % BSA, and 10 % NDS for 1 h at room temperature.
Primary antibodies (anti-Cav-1, anti-pCav-1, or anti-PV-1; dilution 1:50) were applied to brain slices overnight in a humidified chamber placed on a rotator at 4°C. After washing, corresponding fluorescent dye-conjugated secondary antibodies (dilution 1:100) were applied for 1 h at room temperature. Cell nuclei were labeled with DAPI (1:10,000). Immunohistochemistry and confocal microscopy were used to detect Fg-induced changes in Cav-1 and PV-1 expressions in brain vasculature. The laser-scanning confocal microscope (Olympus FluoView1000, objective 1009) was used for image capture. Cav-1 was visualized using a HeNe-G laser (556 nm) to excite the dye, while emission was observed above 573 nm. FITC-LEA and PV-1 were visualized using a Multi Argon laser (495 nm) to excite the dye, while emission was observed above 519 nm. Cell nuclei (DAPI) were visualized using a 405-laser diode to excite the dye (372 nm), while emission was observed above 456 nm. Since in these experiments we compared fluorescence intensities between the groups, fluorescence intensity (for each color) was adjusted to its saturation point in an experimental group with the maximum fluorescence intensity for the color of interest (in our case, the group with the high Fg) and laser and multipliers' settings were kept unaltered during measurements in each experimental series.
Off-line image analysis software (Image-Pro Plus, Media Cybernetics, Inc., Bethesda, MD) was used to assess expressions of Cav-1 and PV-1 and to detect level of pCav-1. For detection of Cav-1 or PV-1, corresponding rectangular areas of interests (AOIs) of the same size in all respective experimental groups were placed along the vessel wall (identified by the presence of LEA). For each experimental group, 3-4 brain slices were analyzed. In each brain slice, 3-5 vascular images were analyzed for Cav-1, PV-1, and pCav-1 level assessments and normalized per length of the respective vascular segment. Fluorescence intensity in four randomly placed AOIs were measured. The results were averaged for each experimental group and presented as fluorescence intensity units (FIU).
To confirm that activation of MMP-9 has an effect on Fg-induced expression of Cav-1 and PV-1, we calculated the ratio of all variables (Cav-1 and PV-1 expression) for Fg-infused to PBS-infused in WT and MMP9-/-mice. To allow for statistical comparisons, the values of Fg-infused/ PBS-infused for each WT or MMP9-/-mouse were calculated by dividing the each value in Fg-infused group by the mean value of the PBS-infused response. Average values determined for the Fg-induced/PBS-infused ratios in WT mice were compared with those in MMP9-/-mice. During image analysis, it is recommended to define colocalization of different objects in deconvoluted images [24] . Therefore, to identify co-localization of Cav-1 and PV-1, the images were deconvoluted. Then, ''Masks'' of co-localized objects for Cav-1 and PV-1 pairs were created and number and intensity of co-localized objects were analyzed. Degree of co-localization of these objects was assessed by measuring Pearson's correlation (Rr), overlap coefficient (R), and Mander's coefficients k 2 and m 2 .
Western Blot Analysis for Expressions of Cav-1 and PV-1 and Phosphorylation of Cav-1 in Mouse Brain and Endothelial Cells
Changes in protein content of Cav-1 and PV-1 in mouse brain samples and in cultured MBECs and phosphorylation of Cav-1 in MBECs were assessed by Western blot analysis according to the method described earlier [21] . Briefly, brain cortical tissue or EC lysates were prepared by homogenization in ice-cold RIPA lysis buffer. Cell debris was removed by centrifugation (20,0009g, for 15 min). Protein concentration in samples was assessed using a Bradford assay. Equal amount (30 lg) of proteins were resolved on 10 % sodium-dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a polyvinylidene difluoride membrane. During Cav-1 phosphorylation assessment, A431-EGF cell lysate was used as a positive control for pCav-1. After transfer and washing with washing buffer, blots were incubated with anti-Cav-1 (1:200 dilutions), anti-PV-1 (1:500 dilutions), or antipCav-1 (dilution 1:100) antibodies overnight at 4°C with gentle agitation. After incubation and washing with washing buffer, blots were incubated with appropriate secondary antibodies (1:5,000 dilutions) and detected using a Pierce enhanced chemiluminescence kit (Rockford, IL). Then, membranes were stripped and re-probed for GAPDH used as a loading control. The blots were analyzed with Image-Pro Plus software. Levels of protein expressions were assessed by the changes in integrated optical density (IOD) of each of the protein of interest and presented as a ration of IOD of each band of the protein of interest to the IOD of the respective GAPDH band.
Formation of Functional Caveolae
Since it is known that PV-1 is associated with caveolae [9] and Cav-1 is a main component of caveolae wall [7] , it is likely that co-localization of these two proteins would define caveolae. However, not all caveolae are involved in transcytosis. Therefore, to define functional caveolae, for example the caveolae involved in albumin transcytosis, colocalization of PV-1 and BSA, Cav-1 and BSA, and PV-1, Cav-1, and BSA were identified. Therefore, Fg-induced possible formation of functional caveolae in cultured ECs was studied using the modified method described previously [15] . Briefly, MBECs were treated with 4 mg/ml of Fg for 18 h in the presence or absence of MMP-9 activity inhibitor TIMP-4 (12 ng/ml). The longer incubation of cultured cells with Fg and TIMP-4, as in our previous studies [19, 21] , was necessary to establish their effects in cells. In contrast, the ECs in animals are already exposed to the basal level of Fg or lack MMP-9 activity (as in MMP9-/-mice). Cells treated with medium alone were used as a control group. Cells were incubated with FITC-BSA (50 lM) for 2 h. After incubation, to remove free FITC-BSA cells were washed four times with PBS, fixed, and probed with primary antibodies against Cav-1 and PV-1 (dilution 1:100) and then stained with secondary antibodies (dilution 1:200) conjugated with Alexa-Fluor 594 or Alexa-Fluor 647, respectively. Changes in caveolae formation and up take of FITC-BSA by caveolae were observed with the Olympus laser-scanning confocal microscope (FluoView1000, objective 1009).
The confocal image analyses were done by Image-Pro Plus software. Results were obtained as fluorescence intensities of Cav-1 and PV-1 and expressed as FIU. Virtual colors were given to each dye using Olympus Flouview software: Cav-1 is shown in red, PV-1 is green, and FITC-BSA is shown in blue. Co-localization of Cav-1 and PV-1 was detected as yellow color, while co-localization of Cav-1, PV-1, and FITC-BSA was shown in cyan color. While co-localization of Cav-1 and PV-1 indicated only the formed caveolae, co-localization of Cav-1 and BSA or PV-1 and BSA indicated the BSA up-taken by caveolae, which in this case can define caveolae as functional.
Similarly as above, to confirm that inhibition of MMP-9 activity affects Fg-induced expressions of Cav-1 and PV-1, ratios of all variables (Cav-1 and PV-1 expression) in Fgtreated group to control and Fg-and TIMP4-treated groups to TIMP4-treated group were calculated. To define colocalization of Cav-1, PV-1, and BSA, deconvolution of images were performed. ''Masks'' of co-localized objects for each pair (Cav-1 and PV-1, Cav-1 and BSA, and PV-1 and BSA) of objects were created and number and intensity of co-localized objects were analyzed. Degree of colocalization of these objects was assessed by measuring Rr, R, and Mander's coefficients k 2 and m 2 .
Data Analysis
All data are expressed as mean ± SEM. The experimental groups were compared by one-way ANOVA. If ANOVA indicated a significant difference (P \ 0.05), Tukey's multiple comparison test was used to compare group means. Differences were considered significant if P \ 0.05.
Results
Fg-Induced Expression of Cav-1 and PV-1 in Mouse Cortical Vessels
We did not find difference in MABP in animals after infusion of PBS: 114 ± 4 mmHg (before) vs. 112 ± 5 mmHg (after) in WT, and 112 ± 3 mmHg (before) vs. 111 ± 5 mmHg (after) in MMP9-/-mice, or after infusion of Fg: 110 ± 4 mmHg (before) vs. 116 ± 5 mmHg (after) in WT and 113 ± 3 mmHg (before) vs. 115 ± 4 mmHg (after) in MMP9-/-mice. Expressions of Cav-1 (red) and PV-1 (green) were greater after Fg than those after PBS infusion in both WT and MMP9-/-mice (Fig. 1) . However, expressions of Cav-1 and PV-1 induced by the increased level of Fg were lesser in MMP9-/-mice than those in WT mice (Fig. 1) . Expressions of Cav-1 and PV-1 were lesser after infusion of PBS in MMP9-/-than in WT mice (Fig. 1) . Colocalization (defined by yellow spots) of these proteins in brain vessels of mice infused with Fg was also increased compared to that in mice infused with PBS suggesting a possible enhanced formation of caveolae (Fig. 1) . Values of Pearson's correlation, Overlap coefficient, and Mander's coefficients that reflect analyses of co-localization of Cav-1 and PV-1 done on deconvoluted images shown on Fig. 1 are presented in Table 1 . These effects of Fg were ameliorated in cortical vessels of MMP9-/-mice ( Fig. 1; Table 1 ). The presence of LEA (blue) clearly indicated vascular endothelium (Fig. 1) . These data indicate a role of increased blood content of Fg in possible formation of caveolae in brain cortex vasculature.
In WT mice, ratio of Fg-infused/PBS-infused for Cav-1 expression (2.02 ± 0.18) was greater than that (1.33 ± 0.04) in MMP9-/-mice (Fig. 1b) . Similarly, ratio of Fg-infused/PBS-infused for PV-1 expression in WT mice (2.14 ± 0.15) was greater than that (1.46 ± 0.12) in MMP9-/-mice (Fig. 1c) . These results suggest that although at an elevated level, Fg increases possible formation of caveolae in cortex of MMP9-/-mice, its effect in the presence of MMP-9 activity in WT mice is greater.
Protein Content of Cav-1 and PV-1 in Mouse Brain Tissue Content of both caveolae markers Cav-1 (Fig. 2a, b) and PV-1 (Fig. 2a, c) were greater in Fg-infused animals compared to those in PBS-infused mice. However, levels of Cav-1 and PV-1 were more in WT than in MMP9-/-animals ( Fig. 2) . These results confirm our findings presented in Fig. 1 .
Fg-Induced Phosphorylation of Cav-1 in Mouse Cortical Vessels
At an elevated level, Fg caused a greater phosphorylation of Cav-1 in cortical vessels of WT mice (Fg-infused) compared to that in vessels of WT mice infused with PBS (Fig. 3) . This effect of Fg was significantly lesser in MMP9-/-mice (Fig. 3) . Moreover, phosphorylation of Cav-1 was almost absent in MMP9-/-mice infused with PBS indicating a role of MMP-9 activation in Cav-1 regulation (Fig. 3) . These data suggest that Fg-induced possible formation of caveolae found in mouse brain cortical vessels can occur via Cav-1 signaling mechanism.
Fg-Induced Possible Formation of Functional Caveolae in MBECs
Expressions of Cav-1 (red) and PV-1 (green) were increased in MBECs treated with 4 mg/ml of Fg than those in the cells treated with medium alone (Fig. 4) . Co-localization (yellow) of these proteins in cells treated with Fg was also greater than that in control, medium-treated cells (Fig. 4) . Expression of each of the caveolae markers (Cav-1 and PV-1) and intensity of their co-localization, as well as the number of objects with co-localized Cav-1 and PV-1, were mitigated by the presence of MMP-9 activity inhibitor TIMP-4 (Fig. 4) . TIMP-4 alone did not have an effect on expression of Cav-1 or PV-1 or on their colocalization (Fig. 4) .
Functional caveolae identified by co-localization of Cav-1, PV-1, and BSA (defined by cyan color), most likely indicated caveolae with engulfed BSA (Fig. 4, red arrows) . Some BSA (blue), not associated with Cav-1 or PV-1, most likely were located in cytosol, cellular wall, or outside of the cells (Fig. 4, indicated with white arrows) . Co-localization of caveolae markers (Cav-1 and PV-1) with BSA (indicated with red arrows) was greater in Fg-treated cells compared to those in cells treated with medium or TIMP-4 alone (Fig. 4) . The association (co-localization) of PV-1 and/or Cav-1 with BSA was ameliorated in Fg-treated cells in the presence of TIMP-4 (Fig. 4) . Values of Pearson's correlation, Overlap coefficient, and Mander's coefficients presented in Table 2 , were all higher in Fg-treated than in medium-treated (control) cells. These effects of Fg were ameliorated in the presence of TIMP-4 ( Table 2) . Results of these experiments confirm that at an elevated level Fg enhances possible formation of functional caveolae (shown by association of Cav-1 and PV-1 with BSA). In cells treated with or without Fg, ratio of Fg-treated/ control for Cav-1 expression (1.69 ± 0.06) was greater than ratio of Fg-TIMP4/TIMP4 (1.25 ± 0.07) for Cav-1 expression (from Fig. 4b) . Similarly, ratio of Fg-treated/ control for PV-1 expression (1.33 ± 0.07) was greater than ratio of Fg-TIMP4/TIMP4 (1.06 ± 0.05) for PV-1 expression (from Fig. 4c ). These results suggest that effect of elevated level of Fg in possible formation of functional caveolae is greater in the presence of MMP-9 activity than in its absence.
Protein Content of Cav-1 and PV-1 in MBECs
Content of both caveolae markers Cav-1 (Fig. 5a, b) and PV-1 (Fig. 5a, c) were greater in Fg-treated cells compared to those in cells treated with medium alone (control). Presence of TIMP-4 decreased expression of Fg-induced expression of Cav-1 and PV-1 (Fig. 5) . Treatment of cells with TIMP-4 alone did not have an effect on cell expression of Cav-1 or PV-1 (Fig. 5) . These results confirm our findings presented in Fig. 4 .
Fg-Induced Phosphorylation of Cav-1 in MBECs
At an elevated level, Fg-enhanced phosphorylation of Cav-1 in cultured MBECs (Fig. 6a, b) . This effect of Fg was lesser in the presence of TIMP-4 (Fig. 6) . Treatment of cells with TIMP-4 alone did not have an effect on phosphorylation of Cav-1 (Fig. 6) .These results indicate a strong effect of high level of Fg on phosphorylation of Cav-1 and the role MMP-9 activity in this process.
Discussion
Previously we showed that an increase in blood content of Fg enhances macromolecular leakage in mouse pial venules [22] . Fg-induced changes in BBB integrity were accompanied with increased expression of PV-1 and activation of MMP-9 in mouse cortical vessels [22] . Both increased pial venular permeability and enhanced expression of PV-1 were ameliorated in MMP9-/-mice [22] . Since expression of PV-1 is associated with caveolae [9] , these results suggested that at high level, Fg enhances pial venular permeability by increasing formation of caveolae secondary to MMP-9 activation. In this study, we showed that at an increased level, Fg increases expression of both caveolae markers PV-1 and Cav-1 and increases an extent of their co-localization in mouse cortical vessels and MBECs compared to those in respective control groups. These effects of Fg were ameliorated in the absence of MMP-9 activity. These results confirm our hypothesis that at an increased level, Fg enhances caveolae formation and this process involves activation of MMP-9.
It is well documented that Cav-1 is a main building component of caveolae wall [7] . Studies from several laboratories suggested that phosphorylation of Cav-1 plays an essential role in the caveolae formation mechanisms [25] [26] [27] [28] [29] . Phosphorylation of another protein, dynamin signals assembly of the dynamin ring on caveolar necks indicating formation of static caveolae [30] . However, motility of caveolae is mediated by phosphorylationdependent signaling events associated with caveolae following the binding of albumin to its endothelial receptor gp60 in caveolae [29] . We found that expression of Cav-1 is lower in MMP9-/-mice and, as a result, there is a limited or no phosphorylation of Cav-1 in these mice. Greater phosphorylation of Cav-1 in Fg-treated MMP9-/-mice than in PBS-treated MMP9-/-mice, confirms that Fg-induces Cav-1 signaling (phosphorylation). These results, in general, were confirmed in our study on cultured MBECs, where phosphorylation of Cav-1 was enhanced after Fg treatment and it was diminished during inhibition of MMP-9 activity. Others have shown correlation of MMP-9 activity with protein level of Cav-1 [31, 32] . Our data indicate a role of MMP-9 activity on expression of Cav-1 and its phosphorylation, and thus confirm a strong interaction between activity of MMP-9 and Cav-1 expression. Moreover, it has been shown that Cav-1 co-localizes with MMP's on cellular surface which facilitate directed proteolysis essential for early migratory and invasive processes [14] . Our findings indicate that at an elevated level, Fg enhances possible formation of caveolae in mouse cortical vessels and in cultured MBECs triggering the phosphorylation of Cav-1. Co-localization of albumin with caveolae (defined by association of BSA with Cav-1 and BSA with PV-1) indicates possible uptake of the protein by caveolae. Although we did not define precise location of caveolae with engulfed albumin (in cytosol or plasma membrane), our findings suggest that since caveolae are associated with albumin they are most likely functional and carry albumin across the cell. This caveolae formation and its function (uptake of albumin) were closely associated with activation of MMP-9. Fig. 1 Expression of caveolin-1 (Cav-1) and plasmalemmal vesicleassociated protein-1 (PV-1) in mouse brain cortical vessels. a Examples of vessel images in samples obtained from wild-type (WT; two upper rows) and MMP-9 gene knockout (MMP9-/-; two lower rows) mice infused with phosphate buffered saline (PBS; first and third rows) or fibrinogen (Fg, final blood content: 4 mg/ml; second and fourth rows). Expression of Cav-1 (red, first column) and PV-1 (green, second column) were assessed by measuring the fluorescence intensity of respective fluorochromes along the vascular segments. The third column (merged) represents images of co-localized Cav-1 and PV-1 (yellow spots indicated with arrows) with Lycopersicon esculentum agglutinin tomato lectin (blue) that was used as an endothelial marker. Images in the fourth column are obtained after deconvolution of images in the third column and show spots of colocalized Cav-1 and PV- Upregulation of PV-1 in brain vasculature during BBB disruption in rodents has already been demonstrated [11] . Our finding that increased blood content of Fg causes greater expression of PV-1 in WT than in MMP9-/-mice, indicates that at high level, Fg may enhance transendothelial transport through formation of caveolae and/or fenestrae or transendothelial channel via activation of MMP-9. We have shown that at high blood content, Fg enhances cerebrovascular leakage [22] and permeability of MBEC layer to albumin [21] through Fg-induced activation of MMP-9. In combination with the present findings and considering that expression of PV-1 is associated with caveolae formation, these results suggest that an increase in blood content of Fg activates transendothelial transport mechanism through activation of MMP-9.
Thus, our data show that at an elevated level, Fg most likely enhances formation of caveolae and its functionality, and these events are in strong association with activity of MMP-9. However, it is not clear if activation of MMP-9 leads to caveolae formation or the latter causes the activation of MMP-9. We have previously shown that at an elevated level, Fg decreases expression of EC junction proteins and causes their translocation to cytosol [19, 21, 22] through activation of MMP-9 [21, 22] . In addition, we found that at higher levels, Fg enhances formation of filamentous actin [18] . It has been shown that junction proteins and caveolae are interconnected [33] . Therefore, it is possible that MMP-9 activity and caveolae formation and its function, in addition to the direct interaction of Cav-1 and MMP-9 [14] , can be associated through junction proteins and filamentous actin (which can serve as a channel for caveolae movement). We have also shown that hyperhomocysteinemia increases formation of caveolae and its function along with activation of MMP-9 [15] . These results indicate that there may be a source-independent association between the activity of MMP-9 and formation of functional caveolae. In other words, an inflammatory stimulation enhances caveolae formation through activation of MMP-9. However, additional studies are needed to define a prevailing role of one or the other during an inflammation.
In conclusion, this study suggests that at an increased blood level, Fg enhances formation of functional caveolae in MBECs. This enhanced functionality of caveolae can be one of the mechanisms involved in Fg-induced increased cerebrovascular permeability via mainly the transcellular transport pathway seen in our previous study [34] . However, the involvement of paracellular transport should not be ruled out. There is evidence that both paracellular and transcellular transport pathways can be governed by activation of MMP-9. Thus, this study suggests a possible role of increased Fg content in alteration of BBB leading to edema, which can exacerbate vascular complications during inflammatory cardiovascular and cerebrovascular pathologies, such as hypertension, stroke, and traumatic brain injury.
Limitations of the Study
The samples used for Western blot analyses were from brain tissue and not specifically from brain vessels. It has been show that Cav-1 is present in brain astroglial cells [35] . Therefore, Western blot analyses may not necessarily show effects of elevated level of Fg on Cav-1 in brain vessels. In this respect, immunohistochemical analysis of animal brain samples provides the more adequate information on colocalization of Cav-1 and PV-1 and thus possible formation of caveolae in brain vessels. Although the method to define functional caveolae by co-localization of caveolae markers and albumin is quite an adequate technique, further studies are needed to define caveolae motility. This can be done by fluorescence resonance energy transfer and total internal reflection fluorescence microscopies. These studies are ongoing in our lab. The antibody (pY14) used in this study, to define phosphorylated Cav-1 has also been reported to cross-react to phosphorylated paxillin, observable to migrate at *68 kDa [36] . Therefore, images shown in Fig. 6 indicate phosphorylation of both Cav-1 and paxillin. Since we have shown that Fg can affect EC actin filaments [18] and paxillin is known to be connected to regulators of actin organization, it is possible that Fg increases phosphorylation of Cav-1 and paxillin. The results of this study show that these effects of Fg are lesser in the absence of MMP-9 activity. In our previous study, we showed that Fg increases cerebrovascular permeability via mainly transcellular transport pathway [34] . Based on these results and the results of the present study, we may conclude that Fg induces phosphorylation mainly of Cav-1 and to lesser extent that of paxillin. Similar effects are expected for immunohistochemical analyses of the brain vessels ( Fig. 3) : high level of Fg increases phosphorylation predominantly of Cav-1 and has lesser effect on paxillin.
In this study, we found that MMP-9 activity is involved in Fg-induced possible formation of caveolae. However, precise mechanism of its action is not clear. It was indicated that MMP-9 compartmentalizes within caveolae [14] . It is also known that MMP-9 can digest junction proteins that are linked to actin filaments. This may affect caveolar motility. As a result, MMP-9 may act as an internal (inside the caveolae) and external (digesting the junction proteins) factor. As this is a speculation, the precise mechanisms of MMP-9-mediated caveolae formation need to be investigated further.
